A short sketch of the history over the last 100 years of the H 2 -O 2 -system in general and of the H + O 2 HO + O reaction in particular is given. Only after revision of the enthalpy of formation of OH in the year 2000, experimental and theoretical rate constant determinations approach an agreement within about 10 percent. Further improvements of the modeling depend on more precise thermochemical data for the reaction and on a detailed analysis of the contributions from all electronic states arising from the four open electronic shell species involved. Vibrational zeropoint energy problems of OH in classical trajectory calculations and detailed angular momentum couplings in adiabatic channel treatments have also to be mastered.
Introduction
When Wilhelm Ostwald was born 150 years ago, reaction kinetics was in its infancy. L. Wilhelmy [1] had just provided one of the first quantitative measurements of the time dependence of a second order reaction, the acidcatalyzed inversion of sucrose. 50 years later, when Ostwald wrote his textbook "Lehrbuch der Allgemeinen Chemie" [2] , the situation had only started to change. The simplest rate laws were formulated, integrated, and compared with a limited, but still not too well characterized number of laboratory studies. Reaction order and molecularity were directly linked to the stoechiometry of the reaction. The brief discussion of kinetics on only 100 pages, in comparison to the 900 pages devoted to chemical equilibria, both forming the second volume of Ostwald's textbook entitled "Chemische Dynamik", on the one hand illustrates the limited amount of kinetic information available, on the other hand documents that Ostwald apparently was not particularly attracted by kinetics. Nevertheless, his interest in catalysis became quite visible in his emphasis on catalytic accelerations and attenuations of chemical processes.
In his textbook, Ostwald just missed the beginning of a new era of kinetics which started with the careful laboratory work by Max Bodenstein [3] . In contrast to Ostwald, in his textbook "Theoretische Chemie" [4] , appearing at about the same time, Walther Nernst realized the importance of Bodenstein's work and referred to several of his studies. Bodenstein's identification of catalytic influences, e.g. on the rate of the reaction
should have caught Ostwald's attention but only Nernst was quick enough to include this seminal work in his treatise. Also, in contrast to Ostwald, Nernst for most systems did not attempt to provide a naïve relationship between rate law, detailed mechanism, and overall stoechiometry of the reaction. Although under some conditions Bodenstein found a third order rate law for reaction (1), Nernst's formulations suggest that he did not believe that reaction (1) really was a termolecular process, such as this might have been suggested by equation (1) . The next 50 years brought a rapid development of phenomenological kinetics and layed the basis for modern concepts. During the 1930's, the complex character of reactions like the overall transformation (1) was realized and mechanisms of contributing elementary atom and radical reactions were formulated, see e.g. Wilhelm Jost's book on combustion processes [6] . With the advent of new experimental techniques in the 1950's, allowing for the study of rapid elementary reactions and providing clean reaction conditions, finally the quantitative age of experimental reaction kinetics started. At the same time, theoretical approaches, although not being quantitative as yet, at least allowed for a rationalisation of the experimental results.
Today, 150 years after Ostwald's birthday, we have become aware of the immense complexity of chemical kinetics. We struggle to measure rate coefficients of elementary reactions with high accuracy. We try to cover the widest possible range of experimental conditions, temperatures and pressures, as well as variations of reactant environments. Critical evaluations of rate coefficients form the basis for reliable modeling of large reaction systems. The quality of this modeling, however, often is still influenced by uncertainties in thermodynamic data. Finally, spectroscopy as well as ab initio quantum chemistry and theoretical modeling of reaction dynamics provide complementary information. Each elementary reaction step has become a unique chemical world, asking for a careful analysis of all of its specific subtleties. As reaction (1) is a prototype of gas phase oxidation processes, in the following article recent developments within this simple chemical transformation are reviewed. An exhaustive discussion of this reaction would fill a complete book. Therefore, only few of its elementary reaction steps are being considered. Neither Ostwald, nor Nernst, and probably also not Bodenstein would have imagined the degree of complexity hidden behind a simple transformation equation such as written for reaction (1).
Mechanisms for the oxidation of hydrogen
The mechanisms of elementary reactions behind the overall transformation equation (1) in the 1930's were all speculative. It was clear that there was some initiation reaction, homogeneous or heterogeneous, which provided hydrogen atoms. There had to be a reaction chain with branching steps and, finally, a series of termination processes, again homogeneous or heterogeneous [7] :
The Haber-Bonhoeffer mechanism involved the chain processes
the Hinshelwood mechanism instead proceeded via
the Lewis mechanism postulated
Some of these processes by now have been confirmed to occur, others are not taking place, new processes have been added. Current models of the H 2 -O 2 system include of the order of 30 elementary reactions [8] , being of varying importance under different reaction conditions. Reactions (2), (7), (9)- (11) are not among the considered processes. The most important chain branching and propagation processes are now well established to be
The temporarily chain-terminating formation of HO 2 via reaction
is also of great importance. Often macroscopic observables such as flame velocities or explosion limits most sensitively depend on the rate coefficients k 4 and k 6 for reactions (4) and (6) respectively, see e.g. the sensitivity tests illustrated in [9] . It, therefore, appears of particular interest to look into the kinetics of these reactions and into their individual "chemical world".
Measurements of the rate of the reaction H + O 2 → HO + O
Quantitative experimental information on the rate of reaction (4) in the 1940's and 1950's started to become available from considerations of the first and the second explosion limits of the H 2 -O 2 system. From the properties of the first limit, ratios of k 4 and the diffusion coefficient of hydrogen atoms were derived, simple kinetic models of the second limit led to ratios k 4 /k 6 . Studies of the detailed properties of reaction zones in hydrogen-oxygen flames [10] , the length of induction times of the H 2 -O 2 reaction in shock waves [11] and, finally, the direct detection of concentrations of hydrogen atoms by the ESR technique [12] in flow systems paved the way to absolute values of k 4 . Because of its immense practical importance in all types of oxidation processes of hydrogen-containing fuels, k 4 has been measured over and over again with ever improving experimental techniques. On the one hand, it is fascinating to follow the development of new experimental techniques by their application to this reaction, on the other hand one may ask which precision in measuring k 4 has been obtained today and which improvements lay ahead of us. We do not intend to discuss here the history of measurements of k 4 : an excellent description of the progress until 1971 was given in [13] , the evaluations [14] and [15] cover the subsequent period until about 2000. Instead, by using rate data from [13] - [15] and by comparing them with the recommended expression for k 4 from the most recent data evaluation [15] , i.e.
(with T in K ), we illustrate how measurements over the years have converged to Eq. (12) and which precision has been reached. Fig. 1 shows the ratio of the measured k 4 ("k 4 exp ") and k 4 from Eq. (12) ("k 4 ref ") for the two representative temperatures 800 and 1500 K. Apparently, a precision of the order of ±10 percent now is approached although some partly unexplained deviations up to about ±50 percent occurred still recently. There does not seem to be a trend towards smaller scatter of the data such that, for the time being, ±10 percent may be considered the present limit of precision of a rate constant which was measured in particular detail. Does one need better data? How could they be obtained? Of similar importance as reaction (4) is reaction (6) . The history of the measurement of its rate again can be followed within [13] - [15] . The situation obviously is more complicated since reaction (6) is a radical recombination with a possible transition between third and second order and a dependence of k 6 on the temperature, the pressure, and the chemical nature of the bath gas [M]. We do not intend to discuss k 6 in this article (see e.g. [16] ) but we mention that reactions (4) and (6) take place on the same potential energy surface with an HO 2 intermediate and, hence, have to be analyzed together, see below.
Likewise, reaction (4) is linked to its reverse reaction
by the relationship where K eq denotes the equilibrium constant. As reaction (-4) in contrast to reaction (4) is exothermic, it can be followed down to very low temperatures. Like reaction (6), also reaction (-4) should be analyzed together with reaction (4). It should be mentioned that reaction (-4) is of importance in atmospheric as well as in interstellar chemistry such that wide ranges of applications and conditions are linked together. Again relying on the data evaluations from [13] - [15] , Fig. 2 
The situation obviously is less satisfactory than for k 4 . It is getting even worse when temperatures of the order of 100 K are considered [17] , [18] where uncertainties of a factor of 2 have not been elimineted as yet.
Equilibrium constants for H + O 2 HO + O
As shown in Sect. 3, considerable improvements in experimental measurements of k 4 and k −4 at present do not appear to be in view. One, therefore, will ask theory to come to help. In the following we shall describe the development on this side of the problem. Theory requires the knowledge of a lot of details of the potential energy surface of HO 2 . However, before anything else, the thermochemistry of reactions (4) and (-4 ) and the precise value of the equilibrium constant K eq from Eq. (13) needs to be known. One cannot expect to predict k 4 with confidence if the endothermicity of reaction (4) is not well characterized.
One might be surprised that it took until the year 2001 that the heat of formation of OH was firmly established [19]- [21] . The now estimated uncertainty of ±0.3 kJ mol −1 in the exponential factor of k 4 corresponds to exp(±36 K/T ) which at 800 K leads to an uncertainty of a theoretical k 4 of about ±5 percent. No matter how good a theoretical simulation of k 4 may be, at present the remaining uncertainty of the heat of formation of HO, therefore, prevents theory to arrive at a considerable improvement of the precision of k 4 beyond the experimental results.
One may ask why this is so and why it took to long to improve the precision of the OH-value to about ±0.3 kJ mol −1 and why, in particular, for such a long time a value was in use which was different by about 2 kJ mol −1 from the now accepted number. Since this is such a crucial question, it appears useful to look as well into the historical development. Around 1960, a value for the heat of formation of OH of ∆H o f,0 = 36.99(±2.1) kJ mol −1 was recommended [22] . Based on a spectroscopic determination, i.e. an extrapolation of the B → A system of OH [23] , instead a value of ∆H o f,0 = 38.87(±1.26) kJ mol −1 was chosen in [24] . Over the years this value was slightly modified, misquoted, but essentially retained to be ∆H On the experimental side, more than five different techniques were employed; on the theoretical side an extrapolation of CCSD(T) calculations with aug-cc-pv (5, 6, and 7) Z basis functions was performed [19] , [20] . Since the merits of the various approaches have extensively been discussed in [20] , we do not consider them here. Instead, Fig. 3 [20] , [25] . The corresponding equilibrium constant K eq between 300 and 5000 K is represented [15] by
The relevance of this value for theories of k 4 and k −4 will be demonstrated in the following. It should be noted that Eqs. (12)- (15) temperature ranges 200-5000 K is just not feasible. For this reason deviations between k 4 /k −4 and K eq within about 10 percent at temperatures, where the measurements overlap may still be encountered when data from evaluations are employed.
Theoretical modeling of the rate of the reactions H + O 2 HO + O
In a situation where rate constants are strongly influenced by the uncertainty of the endothermicity of the reaction, it appears most reasonable to consider the rate constant of the reverse exothermic reaction first and then to convert by the equilibrium constant. We shall do this also here, i.e. consider k −4 first. Obviously however, in a modeling, rate and equilibrium constants have to be treated in an internally consistent way. It is now well established that reactions (4), (-4), and (6) 
The reverse reaction (4) is initiated by
and terminated by the competition of reactions (-16) and (17) . The equilibrium constant K eq is expressed by
while
and
The immediate question arises whether the exothermic reaction (-4), is capture-controlled or, in spite of its large exothermicity, involves backdissociation of HO * 2 . In the first case one would have k −16 k 17 and k −4 ≈ k 16 , in the latter k −4 would be reduced by the factor k 17 /(k −16 + k 17 ). One may try to answer this question by applying statistical unimolecular rate theory for the two competing dissociation channels of HO * 2 . In this approach one considers the specific rate constants k(E, J ) which are given by
with Planck's constant h, the rovibrational density of states (E, J ), and the number W(E, J ) of activated complex states at the energy E and the angular momentum with the quantum number J. In order to calculate
have to be considered and suitably averaged. On the basis of a new ab initio potential energy surface [26] , [27] , this modelling was done in [26] , employing a combined statistical adiabatic channel/classical trajectory (SACM/CT) treatment for the separate capture (or dissociation) processes (16) and (-17) (or (-16) and (17)). The calculations indicated that reaction (-4) is practically capture-controlled at temperatures up to about 300 K whereas it is reduced through back dissociation by about 13 percent at 1000 K and by 41 percent at 5000 K. If correct, these results would indicate which part of the potential, apart from the equilibrium constant K eq , is most relevant for the accuracy of a calculated k 4 : it is the exit range of HO * 2 → HO + O. Differences at the entrance H + O 2 → HO * 2 , such as encountered between the frequently used DMBE IV potential from [28] and the more recent ab initio potential from [29] would matter for reaction (6) (see [30] ) but have only little effect on reaction (4). [26] (full line = statistical SACM/CT model from [26] , dashed line = capture controlled CT calculations from [26] , dash-dot-dot line = experiments from [31] , dotted line = experiments from [35] , dash-dot line = experiments from [32] - [34] such as averaged in [34] ; experiments on k 4 converted to k −4 with K eq based on older high value of ∆H o f (OH)).
The HO 2 potential at the HO + O-side has a very complicated shape, because the minimum energy path at first, by dipole-quadrupole interaction, leads linearly to a weakly bound OHO intermediate which, over a small barrier below the entrance energy, then converts to the nonlinear HOO structure [26] . There is the additional complication that the electronic degeneracy of the linear structure is lifted upon bending and two bound HO 2 electronic surfaces ( 2 A and 2 A ) arise which both may or may not contribute to the reaction, see below. Assuming that only the lower of these surfaces contributes, the statistical SACM/CT treatment gave the result shown in Fig. 4 .
The comparison of the modeled k −4 and the measured k 4 /K eq in Fig. 4 gave rise to interesting speculations [26] . At 2000 K, there was agreement between the modelling and the very careful shock wave results from [31] , while the majority of the other, not less carefully done, shock wave studies [32] - [34] were about 35 percent below the modeled value. The results from [35] were even further below. The discussion in [26] , from the year 2000, left two alternatives: either the experiments from [31] , the assumed K eq , and the statistical modeling were correct, or the experiments from [32] - [34] and the modeling were correct which would require an increase of the accepted ∆H . Second, the system turned out not to follow a statistical competition between reac- tions (-16) and (17) [27] ; instead, k −16 was found to increase by nonstatistical effects to almost twice its statistical value [27] (even larger effects were postulated in [36] , [37] , see below). The latter effect at 2000 K reduced the modeled k −4 down to values below the experimental data for k 4 /K eq from [32] - [34] , such as evaluated with the old K eq , while the former brought the experimental data of k 4 /K eq with the new K eq down to the modeled k −4 . This is illustrated in Fig. 5 from [27] . There is now agreement within ±10 percent at 1000-3000 K between the modeled k −4 and the majority of the experiments [32] - [34] . It is not understood why the experiments from [31] and [35] fall above or below the consensus values such as summarized in [34] . Nevertheless, the agreement between theory [27] and experiment [34] within ±10 percent at 1000-3000 K appears to be most satisfactory, characterizing what can be achieved today on both sides. This nice picture unfortunately is spoiled by a long list of unsolved complications which will be mentioned in the next section. It may be that these are all not relevant and that at least a 10 percent precision has been reached at this stage but this is not at all guaranteed. Further improvements on the theoretical side, which could lead beyond the experimental possibilities, however, will need a complete solution of the problems sketched in the following.
More complications
The agreement between modeled k −4 and measured k 4 /K eq in Fig. 5 between 1000 and 3000 K may suggest that theory can assist in the date evaluation, e.g. by correcting down the experimentally not so easily obtainable result at 5000 K. Likewise, the agreement between the average of the experimental results for k −4 at 300 K and theory looks encouraging. However, a series of unsolved problems require a solution before more progress can be made. This is the issue of the present section. Fig. 5 includes modeling results for capture-controlled k 4 at temperatures below 300 K which were obtained from classical trajectory calculations. These calculations suffer from the vibrational zeropoint dilemma. Running classical trajectories from the O + OH side, some ecounters lead to HO * 2 with lifetimes of the order of 0.1-1 ps during which statistical forward vs backward ratios of dissociation rates of HO * 2 are established. Other encounter pairs are so short-lived (about 1 fs) that O is practically reflected from OH without reaction. Starting with the vibrational zeropoint energy in OH, at low temperatures most of these trajectories leave OH with less than its zeropoint energy. What then has to be done? Starting without zeropoint energy restrictions in OH, or eliminating all trajectories which, after starting at the zeropoint energy, leave OH with less than the zeropoint energy, gives nearly the same results [27] . It predicts nearly complete capture control at T ≤ 300 K, and at higher temperatures produces about twice as much back dissociation as given by the statistical SACM/CT approach. This was the basis of the comparison of Fig. 5 . Retaining all trajectories starting at the zeropoint energy of OH and leaving OH with gain or loss of energy instead was recommended in [36] , [37] . This, however, leads to a nearly temperature independent ratio of 0.4-0.6 for the ratio k 17 /(k −16 + k 17 ), such that the modeled k −4 would be about a factor of 2 below the measured k −4 near 300 K. The ultimate solution of this zeropoint energy dilemma can only come from accurate quantum wave packet scattering calculations such as done -with enormous numerical effort -for H + O 2 scattering at higher energies [38] in comparison to the hot hydrogen atom + O 2 -experiments from [39] . At present such calculations are not available for O + OH encounters at lower energies. However, the agreement between experiment and theory near 300 K in Fig. 5 may suggest that the handling of the zeropoint energy dilemma in [27] is more adequate than the policy proposed in [36] , [37] . Fortunately, the problem becomes irrelevant for temperatures near 1000 K.
Although the situation of the heat of formation of OH has been improved by the work of [19]- [21] , the remaining uncertainty still is one of the major limitations of predicting more accurate values of k 4 . There is no reason why the dissociation energy of OH finally cannot be determined by some suitable spectroscopic method with spectroscopic precision. Quantum-chemical methods apparently cannot go much beyond what was achieved in [20] .
It is difficult to estimate which details of the ab initio potential energy surface of HO 2 from [26] , beyond the correct endothermicity of the reaction, need further improvement for calculating k 4 under high temperature conditions. In any case it has to be clarified whether, apart from the 2 A surface, also the 2 A potential contributes which corresponds to the low-lying excited electronic state of HO 2 . So far this state was neglected because the electronically excited HO 2 does not correlate with electronic ground state H + O 2 . Nevertheless, this state from the HO + O-side is accessible without energy barrier (except for a small "reef" when the linear OHO adduct bends to HOO, see above).
Beyond the 2 A and 2 A potentials of the O + OH system, other electronic states have to be considered. It is quite clear that the 9 × 4 = 36 electronic fine structure states of O( 3 P) and OH( 2 Π) at large distances influence each other before, at shorter distances, they separate into the two bonding doublet states 2 A and 2 A and into the remaining largely repulsive excited doublet and quartet states of HO 2 . At the H + O 2 -side of the potential, similar but less complicated interactions between the 2 × 3 = 6 states need to be considered. Starting from the first calculations of the long-range potentials for the O + OH manifold in [40] , a recent complete asymptotic theory of the O + OH-and H + O 2 -potentials with and without the effects of spin-orbit coupling has been elaborated in [41] . It will still need much work to connect all of these potential surfaces with the corresponding short range ab initio calculations. It remains unclear at present which parts out of this complicated manifold are relevant for low temperature SACM calculations of O + OH capture rates. It is known that the effects of open electronic shells shift the limit of quantum vs classical capture calculations towards higher temperatures, in the present case probably into the range 100-300 K. Simplistic SACM calculations of this kind have been included in Figs. 4 and 5. Nevertheless, it appears too early to make precise theoretical predictions of k −4 for the temperature range 10-20 K. Astrochemical modeling of interstellar O 2 -chemistry would require experimental or theoretical information on k −4 just in this range such that increased effort on both sides is really necessary.
Conclusions
The last hundred years have seen an enormous development of reaction kinetics, such as described here from Bodenstein's first studies of the H 2 -O 2 reaction around 1900, through the identification of its mechanism in the 1930's, and the quantification of its thermochemistry and rates of elementary steps starting in the 1950's. Since this date, such as illustrated here for the H + O 2 HO + O reaction system, the precision of the data -both on the experimental and theoretical side -has improved and reached about ±10 percent for the rate constants. Further improvements will primarily depend on more precise values of the reaction enthalpy which is related to the still not too well known dissoci-ation energy of OH. Electronic structure calculations for the full manifold of fine-structure components of the open electronic shell O + OH-and H + O 2 -systems finally will be required. Combined SACM/CT calculations on these potentials will provide an access to precise rate constants. A final comparison with accurate quantum scattering calculation within this complicated pattern of coupled electronic states will probably have to wait for a more distant future. Would the founding fathers of physical chemistry and reaction kinetics such as Wilhelm Ostwald, Walther Nernst, and Max Bodenstein have expected the extent of complications hidden behind a simple reaction equation like H + O 2 → HO + O?
